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A ncw method of polari~ation alignment into Ph4 fibw  based on c]cctronic  cobcrcnt  detection is
presented. l’hc electric field n.xulting  from in[crl’crcncc  bclwccn the polarization cigcnmodcs of a PM
fiber at a linear po]arizcr when the light coupled into the fiber is amplitude modulated is SOIVCC1  for. The
results of polari~,ation  alignment cxpcrimcnts  using a current modulated laser diode are compared with
the theory. Even though current modulation of a laser cliock produces a mmplicatcd  electric field, it is
shown that the mcasurcmcnts  made in the experiments agree well with the simple moclcl.
‘1’hc JICW  method is used to align the input to a PM fiber coupler with a polarization extinction ratio
(PER) of 25 dB (limited by coup]cr crosstalk) and to align into a 1 km long PM fiber with a PER of 20
dB (limited by fiber crosstalk).

Keywords: polariy,ation  alignment, poltirization  maintaining (PM) fiber, fusion splicing, amplitude
modulation, interference

1, 1NTROI>.UCTION

‘llc development of high bircfringcnce  polarization maintaining (PM) fibers has brought many new
possibilities to the field of fiber optics [3]. Duc to the essential elimination of crosstalk bctwccn
eigenpolarizations  inside the fiber, phase information can be transmit[cd  over long distances inside a PM
fiber. Coherent communications as well as fiber optic sensors rely on accurate phase information being
carried by the intensity modulation of light inside a fiber optic line. in the case of the fiber optic
gyroscope, PM fiber will allow rotation rate mcasurcmcnt sensitivities of less than 0.01 degrees/hour [4].

When both polarization eigcnmodcs  al:c excited with monochromatic light at the input of a high
birefringence  PM fiber, dle state of polarization changes along the length of the fiber. The polarization
at .thc output depends on the accumu]ativc  phase difference bctwccn the two modes. Changes in
temperature, stress, and bending of the’ fiber change the birefringcnce  of the fiber so that the state of
polarir,ation  at the output of the fiber is unstable [5,6,11]. If only onc polarization eigcnmode is excited,
the state of polarization will be unchanged along the fiber. Therefore, in order to use high birefringence
polarization maintaining (PM) fiber, a method of accurately launching linearly polarized light into just
one of the fiber axes is ncccssary [8,9,10], This paper presents a simple new method to do this.

~DIRECT AND C()] IERENT DETECTION

In an unmarked PM fiber, it is difficult to visually make polariz,atiotl’  alignments. For panda fiber, for
example, the stress rods arc not easily visible under a microscope, even when white light  is cobplcd  into
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the fiber. IL is usually prcfcrablc  LO align by milking i] IIICIISUK:IIICIIL at thc o(Itput Of  thc I’M fiber that
will be a funcl ion of [he input  alignmcnl.

When lincar]y  po]arizcd  light (CW) js cot)plcd jnlo the PM fiber, lhcoulput  polal<iz:~tioll  c:~llbc  a]l:~lyz,c(l
at the output of the PM fiber with a linear polar  i~cr. If tbc oulpul polari~,alion  is slab]c and highly
elliptical, i.e. closcto  litlctll”,  tl~cillptltis  well aligned. l`llisl~~ctl~o(i  iscollljnol~ly  ~lsc(~ill  thcil~(ltlstryto
align the polarimticm of a laser with Lhe axes of a PM fiber. l’hc fiber is USU~lly  hc:~tcd to nlcilsu~c dIC

stability of the output polari~,a(ion,  an(i (IIC polarization cx~inction  ratio is measured to dctcrminc  the
cllipticity of the output  polarization. “Ibis method, although cxlcnsivc]y used, has a lot of problems. I;or
long lengths of fiber, the output polari~.ation  is usually so unstab]c tha( mcasl~ring  [hc extinction ratio
bccmncs impossjblc. l;vcn a short piwc of Ph4 fiber, for which the ou(put  polarintion  is mom stable,
the method is very time consuming, requiring many iterations of trial and error before achjcving
reasonably good  aljgnmcnt.

When the light that is coupled into the PM fiber is amplitude modulatcct,  cohcrcnt (Ictcction can bc used
toll~cas~~rc  tl~eex[il~ctiol~  rt~tio.  Tl~jsl~~o(lificatiol~  totl~cpol:~ri~atiol~a  ligi~l~lciltl  ~\ctll(Jd(  lcscribcclabove
rc(iuces the noise in the analyzcct  output considerably. Still, many itcraticms arc rcquirccl  until tbc input
and output polarizers arc in line with the axes of the PM fiber.

When using coherent (ietcction,  not only the amplitude of the modulation is known, but also the phase.
This paper will show the great actvantagcs  of using the phase mcasurcmcnt  of cohcrcnt detection to make
polarization alignments. It will bc shown that the iterative process of polarization alignment is
eliminated, and that, in addition, the alignment accuracy is incrcascd dramatically.

When ]incarly polarized light is launched into a PM fiber, the state of polarization is decomposed into a
sum of the two polarization eigcnmodcs  of the PM fiber. These two eigenmoclcs  arc nearly perfect
]incarly polarized along the two orthogonal axes of the PM fiber. DC to either form bircfringcnce  (e.g.
elliptical core PM fiber) or SII”CSS birefringcncc  (e.g. Panda PM fiber), the two polarization cigcnmodcs
propagate through the fiber at djffcrcnt velocities. It is prcciscly  this velocity mismatch, which is large
enough to not be compensated by random bircfringcncc, that forbids coupling bctwccn  the two
polarization cigcnmodes. At the output if the PM fiber, the two polarization eigenmodcs  are forced to
interfere by a linear polari~cr.

When the light is amplitude modulated, the effect of the velocity mismatch bctwccn the two polarization
eigcnmodcs  on the amplitude and phase of the modulation is not ctircct]y evident. The problcm will bc
analyzed using Jones calculus. In Jones calculus, the light is rcprescntcd  by two dimensional complex
Vector. Therefore, the effect on both the phase and the ampljtudc  of the electric ficlcl  arc calculated
simultancousl  y.

Figure 1 illustrates the problcm wc want to analyxc. The figure shows a stress birefringcnt  fiber., The
lightly shaded regions are the stress rocls which provide a linear stress field across the core of the fiber
(shaded darker). The axes of the fiber arc then along the line connecting the stress rods and orthogonal
to it. Lincar]y polarized modulated light is Iaunchcd  into a high bircfringcncc PM fiber at an angle 0



with rcspcd 10 onc of the axes. At the output, an analyzer is placed at an angle $ with respect to the Ph4
fiber axes. The output phase and the outpul  inlcnsi(y  arc k: lwo functions of $ that need to bc derived.

pM~iibcr-.—....——

Elcc[ric fickl

I
Po1ari7at ion8-- 4--

II

:

Fig. 1 Diagram of the input polarization angle and the output analyzing a~lglc.

A theoretical tl”catment of high bircfringcncc  polarization maintaining fiber can be easily performed by
assuming that the two eigcnmodcs  propagating inside the fiber arc exactly linearly polarized and
orthogonal. If these assumptions arc made, basic geometrical arguments can give formulas for ihc
intensity and phase of a modulated signal propagating through a polarization maintaining fiber.
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Fig. 2 Projection of the two polarization cigcnmodcs on the analyzer.

Figure 2 shows the projection of the two modes onto a polarizer. Since the two modes have different
phase velocities, the waves carried in [hc two mock% build up a relative phase shift 5 between thcm.
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Whclc,
11+,  = index of refraction of the slower mmic

IZ, = index of refraction of tiw fastm mmic

I!quation (1) assumes Ycrc (iispcrsionm For a small mmiulation  frequency, the group velocity is
approximately [7],

Since, (0= k. v,,,

In a nonciispcrsivc  mcciium, the phase velocity is in(icpcncicnt  of the wavelength of light, so,

(TIVP
—=0
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V* = .Vl,

Thcrcforc,  in non(iispcrsivc mc~iin,  ti~c phase velocity is equal to the group velocity, anti equation (1) is
valid.

Since Jone’s calculus [1] provides a general method for treating this sort of problem, it will be used to
cicrivc  an cquaticm  for the light  intensity at the output  side of the system in figure 2. The electric field of
the light is represented by a vector with two components. The two cmnponcnts  are orthogonal to each
other and to the direction of propagatimi  Each component has information about the amplitude and the
phase of the light polarized in that direction,

When the light propagates through a length of PM fiber, the components of the polarization along the
bircfringent axes of the fiber build tip a relative phase between thcm. Therefore, the output polarization
of a PM fiber is related to the input polarization by the following matrix multiplication.
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Iiqualion (2) can bc rcwritlcn as,
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Since phase is a relative mcasurcnmnt, the commcm phase term in equation (3) can bc ignorcxi,
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Both the output and input  electric field vectors arc rcprcsen!cd  in the coordinate systcm of the
bircfringcnce axes of the PM fiber. The rotation matrix and tbc matrix multiplication in equation (4) can
bc used togctbcr to gcncmtc  a relation between the input and output intensity vectors when they arc not
rcprcscn(cd  in the coordinate system of the bircf~ingcncc  axes of the PM fiber.

Referring back to figure 2, the intensity at the output of the analyzer is given by the following
cxpressicm:
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fro,,, =
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where ~ is the angle bctwccn  the analyzer and one of the axes of the PM fiber, and e is the angle
bctwccn the input polarization and the same axis of the PM fiber.

If the input is linearly polarized and moctulatcd  at frequency w,,, = (01 – (Oz, where COl and
both sides of the frequency of the optical carrier, the electric ficl(i  vector can be written as

Ei,l = ()~$ [cxp(ia,t)+exp(ifo,f)]

[) [
o ‘n

= , ~ l?,,, Cxp(ifo,f) + Cxp(zko,f)]

By substituting equation (6) into equation (5) ancl simplifying,

Eot,t =
[
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)
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O

Therefore,

a+ arc on
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Using a Irigonomctric i(icntity,

(8)

Wbfm, Ai == ~(foi);  i = 1,2.

The oulput  intensity is given by tbc squaw of cqua[ion (8). ignoring fas[ varying terms, an expression
for tbc irradiancc is,

a),,, = (0, – (i)Z = frequency of modulation

Wbcrc> 6,,, =31 – & = envelope phase delay

A (6,+62)= – average optical phase delay
2–

If equation (9) is cquatecl to a sinusoicl  of amplitude A and pbasc  R

1~,,, = A “ CCJS2 #f~,,,t  – r )

Equating sines and cosines on botb sides of equation (1 O), wc gel:
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Iliviciitlg  ccjtl:~[iclt~s  (ll:~):ltl(l (11[~), \v~:gct  t~l~cxpr~~ssiotl  ftJrtll~;  r~ll:~sc:

!
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Squaring equations (1 1a) and (1 1 b) and then adding thcm, and assuming that 3<<1, wc get an
cxprcssiolj  for lhc ampliludc:

A = (12 ,COS2 @.cos6,,,  +-1)2 .sin~ $+-2[lb.  si~l@. cos@. c(js~. cosA (13)

where, o = sin 6 and 13 = cos 0.
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Fig. 3 Plots of phase (black) and amplitude (gray) as a function of the analyz,cr  angle (~) for an optical

phase delay (6) of 30 degrees and different input  ptilarization  angles (0).

The functions in equations (12) and (13) arc shown in figures 3 and 4.
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l:igurc 3 shows lhc change in the plum curve shape as a function of alignnmnl  acxmracy. (1 is the inpu(
polariz,a(it)n angle and 8 is lhc optical phase delay bclwccn  Ihc two polarization cigcnmodcs. “1’wo main
observations ofgrcat significance for polarinlion  alignmcnl should k pointed out. “1’hc width ofthc
pl~asc~>caks  (lccrcascs  as O(lccrcascs,  t~n(ltl]c  sy~~~~l~ctry  oltl~cpc:~ks flips around ato=(). Itisthcn
r>ossit>lc  to tlsctl)cwidtll  of tl~cpll:~sc  pcaksasal~~cas~lrc  oftllcl~lisaligtl]llcl~t. Figurc3ci  showsa
ncarlysinusoiclal  phasccurvc  ill(licatit]g tllattl~c polarizatiol~  is highly misaligned. Figurcs3aand3b
llavcsll:~rp  phasccllrvcs  illclica(il~g  tll:l(tllc  il~pllt  polarizntiol~ isl~c:~rly  aligl~c(l  wit[~ol~c  ofthcaxcs.  in
acldition,  when the curve flips, the poinl  of pc,rfcct alignment has tmcn passed. Gmparing  figure 3 a
with figurc3b,  wccan scchowthccurvc  flips.
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Fig, 4 Plots of phase (black) and amplitude (gmy) as a function of the ana]yzcr angle ($) for an input

polarization angles (~) of 20 dcgrccs and different values of optical phase delay (6).

Figure 3 also shows the amplitucic  depcndcncc on the analyzer angle. As cxpcctcd, minimizing the
amplitude is another way to reach alignment. It is really up to the user when to usc phase for alignment
and when to usc amplitude, but it should  bc apparent that it is usually preferable to usc the phase.
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Figure 4 shows the dcpcndcncc on the optical phase. Again, E) k [hc input  polarization  angle  and 8 is the
optical phase delay bctwccn the two polari~,a(ion  cigcnmodcs.. As shown in figures 4 a and 4 b, the peak
to peak variation in phase incmascs as lhc op[ical  phase dcurmscs. ‘1’hc CUI’VCs  I\l”C SylNIllctUiC  f~~ an

oplical  plmsc of 90 dcgrccs (see figure 4 c), and the phase curves also flip arotlnd  this point  (as lhcy clicl
at O = O). The high sensitivity on optical phase. may bc of some usc in some. other applications, but it is
really an un(icsirablc  effect for polarization alignmcn[. Notice that it also affects the amplitude. “l’his  is
rc:llly all~:~[lifcstiltion  oftllccll:~llgcil~  polarization at dlcou(put  ofa  PM fibcrasthcoptica]  phi~scdcl~y

of the two polarization cigcnmodcs changes. A possible so]u[ion  to this problcm  would  bc to dither the
opticnl  phase with, for example, a modulated pic~.oclcctric  cryslal in physical contact with the fiber. As
will bc seen in the cxpcrimcntal  section of this paper, the optical phase in a long piece of PM fiber
changes randomly sufficiently fast to result in what looks like on integration of the optical pbasc.
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Fig. 5 Diagram of the experimental, setup for cohcrcnt dctcclion  polarization alignment.

l’he setup USC(I  to gather the data is shown on figure 5. A pigtailed current mmiulated  multimode laser
diode at 1300 nm was usecl for the experiments. The output was collimated and passed through a
polarixw, a half wave plate, and coupled into a PM fiber pigtail. ‘llc ?J2 (half-wave) plate was used to
rotate the linear polarization launched into the fiber. The output from the PM fiber was collimated and
analyzed by means of a linear polarizer on a motorized rotation stage. The angular position of the
polarizer was contmllcd  by the computer through the motorized rotation stage control electronics. The
intensity of the light was then dctcctcd  with a 1()() Ml IZ bandwidth detector. The “goal” is then to rotate
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the k/2 plate unli] a single polarization cigcnm(xlc of the PM film.  is cxcikd.  A series of electronic
instruments arc usccl 10 help dclcrminc when lhc “goal” is achicvcd.

“J’hc instmmcnts nccdcd  for cohcrcnt detection arc a signal gencra[or  (to modulate the laser and provide a
rcfcrcncc signal for phase mcasurcmcnts) and a vector vollmctcr or other clcclronic cohcrcnt detector to
measure the ampliludc  of the optical power meter output and the phase with respect to the rcfcrcncc
signal. A two channel signal synthesizer was used to provide sinusoids of different ampliiudc (but satnc
frequency) to the ]ascr and to (IIC vector voltmeter.

In a(]dition, an OSCi]lOSCOpC  is LISCd 10 View thC iIlpLll and OL1[PL1l  WaVCfOtNIS,  and a COIllpLltC~  ~CCOKk  thc

amplit  Lldc  a n d  p h a s e  of the  OLltpLlt Wavcfmn  as a fLlncliOn  of the  illlalyZC~  all~]C.  ]nitia]iy,  a c h a r t

rccordcr  was USC(] to record lhc data, but the swilch to a computer clata acquisition systcm  using ].abvicw
was wclcomc.

j, EXPERIMENTAL RESULTS

Several cxpcrimcnts  have been done to verify the theoretical predictions. It has been found that the
observations agree WCI1 with the theory, but only clualitativcly.  In the cxpcrimcnts,  a current modulated
multimode semiconductor ]ascr diode was used as a modulated light  soLIrcc. ~’hc  OLltpLlt  form this ]ascr

is a combination of intensity nlodLl]atim  and frcqLlcncy  nlodLl]atiml  of all  the ]ongitLldina]  modes of the

]ascr.  An accurate theoretical analysis would need to illc]udc  all these cfi’ccts,  ancl WOLIICI therefore
immlvc series of Bessel functions. While sLIch an analysis woLI](i be necessary to accurately predict the
cxpcrimcntal results, the basic treatment presented in this paper is sufficient to clctcrmine the shape of
the phase and ampli(udc curves used for alignment.
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Fig.  6 Phase (black) and amplitude (gray) for a 68 dcgrcc change in analyzer angle for an input
alignment angle of (a) 1 dcgrcc (b) 9 degrees.

The first experiment was done on a short piece of PM fiber (about 2 meters long). The modulation
frequency was 20 MHz. This experiment was clone before the theory was worked out, and it was very
surprising to see that the phase of the modulation dcpcndcd on lhc position of the input and output
polarization so strongly. Variations of several degrees in the phase mcasurcmcnt were observed! This is
surprising since the phase difference bctwccn the two polari~,ation  cigcnmodcs  for a 2 meter long PM
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fiber is in [k otdcr  Of 20(X) oplical wavclcng(hs ((or a 1 mm bcal lcng(h) or a mere ().()5 dcgrccs  a~ a 20
Mll~,  modulation frequency. The ]argc variations in phase, as was shown in the (hcory, arc a result of
the intcrfcrcncc  bctwwn the two polarization  cigcnmodcs. “1’hc  inmrfcrcncc  causes lhc phase at the
lllocllll:t(iollf  rc(~llcllcy  10 depend on thcoptical  phase. Since the optical phase is sh.ong]y  dcpcndcnt  on

the position of the input ant] output polariz.a(ion,  thcintcri’crcncc  rcsul[s  in largcval’iiltiollsill  thcphmc

of the modulation.
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Fig. 7 Phase (black) and amplitu(te( gray)forn 68 degree changein  analyzer angle for an input
alignment angle  ofafew dc,grecs and different optical phase (drift).

In thcseccmd  experiment, the polarization was aligncdintooncof  the PM fibcrsof avariableratio  PM
fiber coupler. Apolarization  extinction ratio of25dB wasmeasure  daftercompletin  gthealignment.
The coupler, made by Canadian Instrumentation and Research Limited, is a polished PM fiber
cvancsccnt  coupler with transverse micrometer positioning to adjust the coupling ratio [thesis by
Dalgren]. To the polarization alignment setup, it is just like a piece of PM fiber. The optical length
bctwccn the input and the output was approximately 10 meters. The width of the phase peaks was
minimized in order to align the polarization. The alignment takes only a fcw minutes, since a single
measurement gets you really close to alignment right  away. once the polariy,ation  is almost aligned, the



mpliludc  was used to fine tune the align mcn(. ‘1’hc amplitude has Illc  ildVilll(il~C thn( it is a sing]c
mcasurcmcnt that can bc obtained inlmc(lii~(cly  withou(  having to wait for a scan of the analyxcr  angle.

Figures 6 2U1CI  7 ShOW Solllc Of thC lllCaSUrC1llClltS  llliid~. The analyzer angle is changed 68 dcgrccs in
these plots. The phase is in volts--1 VOI[ corresponds to 10 dcgrccs. “1’hc amplit~~dc  is also in volts, but
the absolute measurement is not important, since it dcpcn~ls on the ]ascr power used, the detector
sensitivity clc.

I;igurc (ia shows the change in the wicl(h of the Phiisc pcmks  as the inpul  angle is changed from 1 dcgrcc

to 9 clcgrecs. “1’bc  width incrcascs as the input polwi~ation  is misn]igncd. “1’his  is in agrccmcnt with the
theory. It can also bc seen, as is shown in the theory, that (be minimum amplitude corresponds to tbe
sharp cbangc in phase, and that lhc minimum amplitude incrcascs as the inpul is misa]ignccl,  The flat
regions in the amplitude and pbasc seen in figures 6 and 7 corresponci  to hcfore and after the analyzer
ang]c was changed. The larger difference in pbasc bctwccn the flat regions in figure 6 b is a nice way to
sce that the phase peaks are wider than in 13gurc 6 a.

Figure 7 shows the change in the shape of the phase peaks as the optical phase drifts around. If these
figures arc compared with the tbcory, figuw 7 c probably corresponds to a 90 degree optical phase
difference, wbilc figures 7 a and 7 tr probably have optical phases cqual]y  separated from 90 degrees but
m opposite sides (since the curves bavc flipped).

O--7--Tin 0“8

t,,,; ,,,,l,,,,; ,-0.15 ‘< ‘ ‘~$, y I ‘4
J .J ‘ f]

-.,20 ~?, ,,.
f’”’q 0.0

0 50 100 150
IJata  poiul num~cr

oo5~o,*
o 50 100 150

Data point number ,

(a) (b)
Fig. 8 Phase (black) and amplitu(ic (gray) for a 360 dcgrcc change in analyzer angle for an input
alignment angle of (a) 20 degrees and (b) 2 degrees.

The purpose of the third experiment was to scc if the same method can bc used to align polarization into
a very long PM fiber. In this experiment, a 1 km long PM fiber was used. A polarization extinction
ratio of 20 dB was achieved by minimizing the phase vs. ana]yzcr angle  peaks. A sample of the, data is
shown in figure 8. The shape of the phase curves dicl not drift as for shorler pieces of PM fiber, but the
peak to peak phase variation did. It is suspcctc(l  that a 1 km long  PM fiber is sufficiently long to
integrate over the optical phase. The diffcrcncc  ili peak to peak amplitude seen in figure 8 is attributed
to beam steering by the rotating analyzer.
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“J’llcaliglllllc] lll]lclllo(l  used in the polariza[i(ln  alignmcmt  cxpcrimcnts  dcscribd  in this paper was to
min imize  [k width  Or (1IC  p!Iasc vs. analymr  angle peaks. Sinm  the widih  of the peaks gives you an
immediate estimate of lhc input alignment, it is an especially uscfu] mcthocl to get close 10 alignment
with a single mcasurcmcnt. Once the input alignment is within a couple of dcgrccs, minimizing the
amplitude is a mom practical a]ignmcnt mcthocl since an immediate value is avail  ab]c,  while the phase
requires a scan by the analyzer.

q’o SOIVC  the problcm of having to visually dctcrminc the width of a phase vs. almlyzcr angle peak, the
derivative of this curve could  bc measured by chtinging  the ana]yzcr  ang]c by a \’ery small amount. As
the Mathcmatica  3-D figure 9 a shows, the derivative of the phase peaks sharply when the input is
aligned. The vertical axis shows the rc]alive  magnitude of the derivative, and the two hori7,0ntal axes

arc the input angle (0) and (he analyzer angle ($). “J$hc left corner is (0, $) = (O, O), and the right  comer

is (El, @) = (90, 90) degrees. A method of alignment WOUICI  bc to change the analyzer angle to maximize
the derivative of the phase. l’his would  position the input polari~,ation  and output analyzer angle  stich
that 6 = 90-$, i.e. orthogonal to each other. Then, if the input is rotated by the same amount as the
output (but in opposite clircctions),  the crest of the phase derivative (shown in figure  9 b) can be
followed until a maximum is reached at the point of perfect alignment.
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(a) (b)
Fig. 9 (a) 3-D plot of the phase derivative (vertical axis) as a function of input polarization angle  and
output  analyzer angle (horizontal axes). (b) Relative magnitucic  of the phase derivative along  the crest
in (a).
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‘1’his paper has dcscribcd  how electronic cOhcrml  dc(cc{ion can bc USC(1  10  align polarimtion  in PM

fibers. A thcorc[ica]  model using  Jones calculus agrees very WC]] with cxpcrimcnlal lllc;;istlrcl~lcll(s.  The
thcorctica] moclcl was then USCC1 to develop a method of polarization align[ncnl  which was used
cxpcrimcntally  to align  polariy,ation  into a PM fiber coupler and a 1 km long Ph4 ~lbcr.

The author wishes to thank  Serge Dubovi(sky, Eldrccl “1’ubbs and Randy Bartman at JPI. for the many
hclpfu] discussions.
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